Abstract. Chemotherapy-induced leukopenia has been shown to be associated with the outcomes of several types of cancer, but the association with childhood acute lymphoblastic leukemia (ALL) remains unknown. To elucidate the association of chemotherapy-induced leukopenia with the clinical outcome of childhood ALL, retrospective analysis was performed on 19 child patients with ALL treated according to the ALL-BFM 95 high-risk (HR) protocol. The mean minimum leukocyte count over the first three courses of the consolidation phase was used as the measure of hematological toxicity and ranged between 200 and 1,167/µl. The risk of relapse was significantly higher in patients with a mean minimum leukocyte count above the median of 433/µl (hazard ratio, 6.61; P=0.047). In conclusion, chemotherapy-induced leukopenia was found to correlate with relapse-free survival in childhood HR ALL. Dose escalation based on hematologic toxicity must be prospectively studied.
Introduction
Treatment outcome of childhood acute lymphoblastic leukemia (ALL) has evidently improved, but the prognosis of high-risk (HR) ALL remains unsatisfactory (1) . Refinement of risk stratification is required to improve survival by providing intensive treatment to patients at HR of relapse. The clinical outcome of ALL is known to be associated with variable factors, such as demographics, immunophenotype, cytogenetic features and early treatment response (2) . In addition, the ability of individual patients to metabolize antileukemic drugs appears to be involved in the prognosis of ALL, but the knowledge of pharmacological features of leukemic cells in childhood ALL is largely limited (3) .
Hematological toxicity is the most frequent dose-limiting side effect of combination chemotherapy in the treatment of childhood ALL. The severity of each case of acute hematological toxicity is highly variable despite use of the same regimen. Chemotherapy-induced leukopenia may be a biological measure of drug activities and disease control (4, 5) . The response of leukemic cells to chemotherapy depends on the level of active drugs reaching the target and the sensitivity to these drugs. These factors also affect the response of non-malignant hematopoietic cells. The availability of active drugs is influenced by pharmacokinetic parameters. In part, sensitivity to the drugs is affected by genetic predisposition, which produces a similar effect in tumor and normal cells, but is also modified by tumor-specific mutations (6) .
The association between less chemotherapy-induced leukopenia and poor clinical outcome has been previously reported for several malignancies, including lung cancer, breast cancer, osteosarcoma and Hodgkin lymphoma (6) (7) (8) (9) (10) (11) (12) . This provides additional prognostic information that may be used to further refine patient stratification and risk-directed therapy. However, the prognostic role of chemotherapy-induced leukopenia in childhood ALL has not been elucidated.
Conventional treatment for ALL consists of induction, consolidation, reinduction and maintenance elements. Cytotoxic agents, dose levels and severity of myelosuppression are significantly different between treatment courses. This makes it difficult to define the measure of hematological toxicity compared with the treatment and to evaluate the prognostic significance of chemotherapy-induced leukopenia. In the ALL-BFM 95 HR protocol for childhood ALL, the consolidation phase consists of a series of intensive treatment courses (block therapy), with an interval of three to four weeks between blocks (13). This repetition of treatments with relatively similar intensity is suitable for the evaluation of chemotherapy-induced leukopenia. Therefore, to investigate the association of leukopenia early in the course of treatment with treatment outcomes of childhood ALL, the current study analyzed ALL patients treated according to the ALL-BFM 95 HR protocol following induction therapy.
Materials and methods
Study population. In total, 19 patients (age range, 1-18 years) consecutively diagnosed with ALL between November 2003 and September 2010 were studied and uniformly treated according to the ALL-BFM 95 HR protocol following induction therapy at the University of Tokyo Hospital (Tokyo, Japan), Saitama Children's Medical Center (Saitama, Japan) and Gunma Children's Medical Center (Shibukawa, Japan).
Children diagnosed with ALL were enrolled in the Tokyo Children's Cancer Study Group (TCCSG) L99-1502 study between November 2003 and January 2005, and in the L04-16 study between May 2005 and September 2010 (14) . The patients were stratified into the following three risk groups: Standard-risk (SR), intermediate-risk (IR) and HR. The initial stratification was based on presenting features (age and white blood cell count prior to initiating treatment) and leukemic blasts in peripheral blood on day eight following prednisolone monotherapy (Tables I and II) . The patients were finally stratified based on cytogenetic observations and bone marrow status examined following remission induction therapy. Following induction therapy, patients assigned to the HR group were treated with block chemotherapy regimen of the ALL-BFM 95 HR protocol. Patients who did not achieve remission and those with the Philadelphia chromosome or 11q23 rearrangements (with the exception of MLL/ENL in the L04-16 study) were scheduled for allogeneic stem cell transplantation and were excluded from the present study.
The data regarding chemotherapeutic dosage, dates of administration and leukocyte counts were retrieved from the electronic patient databases of the hospitals involved. The parents of all patients provided written informed consent for the treatment. The current study was approved by the Ethics Committee of the University of Tokyo Hospital.
Treatment protocols. An outline of the treatment regimens is shown in Fig. 1 and the details of each treatment aspect are provided in Table III (13) . Following TCCSG induction therapy, patients were uniformly treated according to the ALL-BFM 95 Table I . Risk stratification (the TCCSG L99-1502 study).
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Initial leukocyte count, x10 9 /l  <20  SR  IR  IR  20-49  IR  IR  IR  50-99  IR  IR  HR  ≥100 HR HR HR B, B-lineage ALL HR protocol; the patients continued on an intensive rotational consolidation schedule consisting of three separate six-day pulses of high-dose chemotherapy, which were each administered twice. Patients were treated according to the reinduction protocol II following the consolidation phase. Granulocyte colony-stimulating factor (G-CSF) was administered in certain patients with febrile neutropenia and occasionally used prophylactically when severe and prolonged neutropenia was predicted.
Leukocyte count. Blood examination was routinely performed several times a week. The minimum leukocyte count during each course of chemotherapy was recorded. The minimum leukocyte count was averaged over the first three courses of the consolidation phase. The mean was used as the measure of hematological toxicity for each patient. The leukocyte count during the induction phase was excluded from the analysis, since disease status markedly affected the leukocyte count until remission was achieved. Study outcomes. To assess the correlation between leukocyte nadir and disease control, relapse-free survival (RFS) from the initiation of chemotherapy was selected as the endpoint.
Statistical analysis. RFS curves were calculated by the Kaplan-Meier method and were compared by means of the log-rank test in a univariate analysis. The minimum leukocyte count in treatment courses with or without the use of G-CSF was compared with the Mann-Whitney U test to assess the effect of G-CSF on leukocyte nadir.
All statistical tests were two-tailed and P<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using R software (R Foundation for Statistical Computing, Vienna, Austria).
Results
Patient characteristics. In total, 22 patients were assigned to the HR group on day eight in remission induction therapy. One patient in the SR group on day eight was stratified into the HR group due to residual leukemic infiltration in the liver and frontal bone, although, hematological remission was achieved. Finally, 23 patients were stratified into the HR group. Of these, four received allogeneic stem cell transplantation and were excluded from the analysis; one with the Philadelphia chromosome and three with a poor response to prednisolone. The remaining 19 patients were uniformly treated according to the ALL-BFM 95 HR protocol and included in the analysis. The median age was 11 years (range, 1-18 years) and eight (42%) patients were female. All patients were treated with the same dose per body surface area in the consolidation phase with the exception of L-asparaginase, which was not administered to two patients in the third course due to anaphylaxis. Detailed patient characteristics are shown in Table IV .
Treatment outcome. Of the 19 patients, five suffered a relapse: Two during consolidation, one during reinduction and two during maintenance therapy. The median follow-up period of relapse-free patients was 51.5 months (range, 10-85 months). The mean minimum leukocyte count was calculated for the first three courses of the consolidation phase, with the exception of two patients who relapsed during the third course of the consolidation phase; their mean minimum leukocyte count was calculated for the first two courses of the consolidation phase. The median of the mean minimum leukocyte count was 433/µl (range, 200-1,167/µl). Of the 19 patients, 13 received G-CSF at least once during treatment. The minimum leukocyte count was not significantly different between the courses with and without the use of G-CSF (P=0.367; Mann-Whitney U test).
Prognostic factors. RFS curves were compared by means of the log-rank test in a univariate analysis (Table V) . Variables included age, gender, immunophenotypes of leukemic blasts (B-or T-lineage), initial leukocyte count, response to prednisolone monotherapy and the mean minimum leukocyte count. Patients were divided at the median values for age, initial leukocyte count and the mean minimum leukocyte count. The risk of relapse was significantly higher in patients with a mean minimum leukocyte count above the median (hazard ratio, 6.61; P=0.047). Fig. 2 shows RFS according to the severity of leukopenia. No other factors were significantly associated with the risk of relapse.
Discussion
The severity of acute hematological toxicity varies considerably in childhood ALL despite the use of the same chemotherapy. The current study analyzed patients with ALL in the same risk group and showed that patients with low hematological toxicity during chemotherapy exhibited a higher rate of relapse. HR of relapse was identified by low hematotoxicity in the first half of the consolidation phase. Early identification of the HR population enables us to intensify treatment in these patients.
Low hematological toxicity has been reported to be associated with a poorer outcome of other malignancies (6) (7) (8) (9) (10) (11) (12) . This association is predicted to be evident in acute leukemia, considering the common origin of leukemic blasts and normal hematopoietic cells. Previously, Han et al showed that a leukocyte nadir of >1,200/µl in induction chemotherapy is associated with poor overall survival in adult patients with acute myeloid leukemia (AML), although, no statistically significant difference was identified (15) . This is consistent with the observations of the current study. On the other hand, previous studies have reported that patients with severe hematological toxicity and a slow rate of myeloid recovery in induction chemotherapy exhibit a poor clinical outcome in adult AML and childhood ALL (15, 16) . The mechanism underlying this association is unclear, but leukemic blasts in bone marrow are likely to affect the leukocyte count until remission and rate of myeloid recovery following induction therapy. In the present study, chemosensitivity of non-malignant hematopoietic cells were evaluated following remission induction, when the effect of residual leukemic cells may almost be ignored.
A false association between leukopenia and treatment outcome may have been established, since more severe leukopenia was predicted, as the patients had prolonged survival and received more treatment courses. In the present cohort, 17 of the 19 patients completed all three courses of the first half of the consolidation phase. The remaining two patients who relapsed in the third course also received two out of three courses. Low hematological toxicity could not be fully explained by a reduced number of chemotherapy courses.
The results of the present study indicated that leukopenia may be used as a biomarker for effective chemotherapy dose, supporting the theory of individualizing chemotherapy dosage based on hematological toxicity (17) . Patients with low acute hematological toxicity may be rapid metabolizers of cytotoxic agents. Considering that the hematopoietic cells of these patients exhibit low sensitivity to cytotoxic agents, corresponding leukemic blasts may also demonstrate low sensitivity to the drugs. Whether the outcome of these patients may be improved by dose-escalation must be prospectively studied in a large clinical trial.
The current study was unable to evaluate the influence of other possible prognostic factors by multivariate analysis, as the number of patients was too small. However, patients in the present cohort were stratified into the same risk group and were roughly adjusted for the conventional factors, including age, leukocyte count at diagnosis, immunophenotypes of leukemic blasts and early treatment response. This may be one of the reasons why these factors were not associated with relapse. In addition, chemotherapy-induced leukopenia is unlike the conventional risk factors, since it reflects the response of normal hematopoietic cells, but not tumor cells. Leukocyte nadir is thus predicted to be an independent prognostic factor. Further investigation in a larger cohort is required to assess this possibility.
In conclusion, the degree of chemotherapy-induced leukopenia was found to correlate with RFS in child patients with ALL. Trials exploring intrapatient dose escalation are warranted.
